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[1] Beryllium-10 archives are important resources for understanding how solar activity
may have varied in the past. Climate simulations using the Goddard Institute for
Space Studies ModelE general circulation model are used to calibrate the impacts of
production changes, solar forcings, and volcanic aerosol forcing on 10Be concentration
during periods such as the Maunder Minimum (1645–1715 A.D.). We find that for the
preindustrial period, production-related 10Be changes are the dominant signal in snow
concentration, and that the effects of both solar and volcanic forcings on climate are
relatively minor. Ambiguities in determining the observed changes in 10Be snow
concentration during the Maunder Minimum complicate the process of estimating
changes in the solar modulation strength during that time. Given those limitations, we
estimate that the average value of the solar modulation parameter f was between 280 and
395 MeV over the course of the Maunder Minimum, and was approximately 142 MeV
during the years of peak 10Be concentration as recorded in the Dye 3 and South Pole ice
core records.
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1. Introduction

[2] As the study of present-day climate change continues
to evolve, so does the need to develop a more comprehen-
sive understanding of natural climate forcings, including
changes in solar irradiance. The variations in solar output
associated with the 11-year sunspot cycle do not seem to have
a strong impact on surface climate, however the so-called
‘‘Grand Minima,’’ periods of prolonged quiescence in solar
activity which appear to have taken place several times
during the past 1000 years, may have had a greater impact
[McCracken et al., 2004]. One of the more recent and
pronounced of these periods, the Maunder Minimum
(MM), occurred from 1645 to 1715 A.D. [Eddy, 1976;
Stuiver and Quay, 1980; Ribes and Nesme-Ribes, 1993;
Lean, 2000] and was characterized by very low sunspot
numbers [Hoyt and Schatten, 1998], which has been as-
sumed to imply a reduction in solar irradiance (of uncertain
magnitude) [Willson and Hudson, 1988; Radick et al., 1990;
Foukal et al., 2006]. The reduced solar activity during the
MM also coincided with a period of reduced temperatures,
increased volcanic activity and glacial expansion in the
northern hemisphere [Overpeck et al., 2004; Jones et al.,
1998; Jones and Mann, 2004; Crowley, 2000; Crowley et

al., 2008; Free and Robock, 1999], particularly during the
late MM (approximately 1680–1710).
[3] Only satellite data provide direct observations of

changes in solar irradiance, but since such observations
are not available during any of the Grand Minima, we must
turn to proxy indicators. Cosmogenic isotopes such as
beryllium-10 (10Be) are particularly useful in this regard,
since their production by high-energy galactic cosmic rays
(GCR) is modulated by the strength of the solar magnetic
field [Lal and Peters, 1967; Masarik and Beer, 1999].
(Changes in geomagnetic field strength also affect GCR
flux, but generally on much longer timescales than the
decadal or centennial changes associated with solar activity
[Muscheler et al., 2007].) The production of cosmogenic
isotopes takes place mainly in the stratosphere and upper
troposphere, and is the result of spallation reactions between
cosmic ray particles and atmospheric oxygen and nitrogen
[Lal and Peters, 1967; McHargue and Damon, 1991].
Increases in solar magnetic activity, which are correlated
with increases in solar irradiance over the 11-year sunspot
cycle [Lean, 1994; Lean et al., 2002], cause Earth’s atmo-
sphere to be more strongly shielded from the GCR flux.
Such shielding, typically described using the solar modula-
tion parameter f [Gleeson and Axford, 1968], results in
lower levels of cosmogenic isotope production [Masarik
and Beer, 1999; Stuiver and Quay, 1980; McCracken et al.,
2004]. This inverse relationship is consistent with the
relatively high concentration of 10Be stored in ice core
archives during the MM (Figure 1), when sunspot activity
was persistently low, and also suggests that reduced solar
irradiance may have contributed to the colder conditions
during the MM [Eddy, 1976].
[4] The excellent time resolution available with ice-core

records makes 10Be data from Greenland and Antarctica the
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preferred archives for estimating solar changes over the
entire Holocene. There are, however, potential complica-
tions when interpreting 10Be records. In ice cores, 10Be is
primarily measured in terms of its concentration per gram of
snow water equivalent. Changes in climate (which may
affect wet deposition, dry deposition, atmospheric transport
and precipitation, and which may occur independently of
changes in solar irradiance) and changes in 10Be production
therefore both play a role in determining 10Be snow con-
centrations. For instance, if reduced snowfall and increased
10Be production occur simultaneously, the 10Be concentra-
tions in the ice-core record will be higher than they would
be owing to changes in production alone [Field et al., 2006;
LeGrande et al., 2006]. Under such circumstances it could
be possible to infer larger changes in solar magnetic activity
and GCR shielding than actually took place.
[5] Disentangling solar- and climate-related impacts on

10Be ice-core records is particularly relevant for understand-
ing total solar irradiance (TSI) changes during the Maunder
Minimum. The coincidence of such a prolonged solar anom-
aly with a well-documented period of northern hemisphere

cooling; the timing of these events prior to the onset of
anthropogenic climate change; the recent invention of the
telescope and hence the abundance of sunspot observations
during the MM; and the existence of several sets of 10Be data
spanning the time period collectively provide a rich set of
resources for interpreting not only how irradiance changes
impact Earth’s climate, but also how climate changes and
production changes are expressed in 10Be ice core records.
[6] General circulation models have the capability to play

a key role in answering these questions since they provide
the opportunity to vary climate and 10Be production inde-
pendently. During the MM, the relevant climate forcings are
from the cooling effects of stratospheric aerosols due to
increased levels of volcanic activity, and from direct and
indirect changes associated with reduced TSI. In addition to
the direct TSI change, capturing the variability in the UV
bands is also important. Satellite observations have shown
that changes in solar UV radiation are significantly larger in
percentage terms than changes in the visible spectrum
[Lean, 1994; Lean et al., 1995]. They affect the distribution
of stratospheric ozone over the course of the sunspot cycle

Figure 1. The 10Be snow concentration at ice-core locations for 1550–1800. Data are from Beer et al.
[1990] (Dye 3), Beer et al. [1988] (Camp Century), Beer et al. [1983] (Milcent), and Raisbeck et al.
[1990] (South Pole).
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and can significantly change the vertical temperature pro-
file, particularly at low latitudes [Haigh, 1996; Shindell et
al., 2006a]. The temperature changes may in turn affect the
propagation of planetary wave energy and can impact
surface temperature and storminess at high latitudes
[Shindell et al., 1999b, 2001; Rind et al., 2007]. The effect
of these changes on storm track patterns is another mech-
anism by which solar-induced climate change might affect
the 10Be record.
[7] In this paper, we vary TSI, ozone, spectral irradiance,

stratospheric volcanic aerosols and 10Be production rates to
present a suite of climate simulations spanning a range of
possible MM scenarios. We then examine how the modeled
changes in climate and production affect 10Be at different
ice-core locations, and how our results compare with the
observational record.

2. GISS ModelE Description

[8] Our experiments were performed using the latest
version of the Goddard Institute for Space Studies (GISS)
ModelE general circulation model (GCM) [Schmidt et al.,
2006]. This version of the model has a horizontal resolution
of 4� � 5� (latitude � longitude) and a vertical resolution of
23 layers. The model top is at 0.002 mbar, which allows us
to simulate the full stratosphere. This degree of stratospheric
resolution is important, as previous studies have shown that
models without a full stratosphere may misrepresent strato-
sphere-troposphere exchange (STE), a significant consider-
ation in this case as approximately half of all 10Be is
produced in the stratosphere. Also, models with limited
representations of the stratosphere have been shown to be
less skilled at simulating lower stratospheric variability than
models with higher-pressure boundaries [Rind et al., 1999].
The formulation for the gravity wave drag is slightly
changed from that of Schmidt et al. [2006] to allow for
improved stratospheric circulation and STE. In general,
GCMs tend to have levels of STE that are higher than the
observed values, and, correspondingly, younger ages of
stratospheric air. While the age of air in ModelE’s strato-
sphere also somewhat younger than observations [Rind et
al., 2007], it is well simulated in comparison to other GCMs
[Shindell et al., 2006b].
[9] In all runs, we used the calculated cosmogenic pro-

duction functions from Masarik and Beer [1999] (see Field
et al. [2006, Figure 1] for climatological plots of wet and
dry 10Be deposition). All tracers in the model (including
10Be) are subject to the advection, mixing and convection
processes consistent with the model air mass fluxes. We

assume that there are always sufficient sulfate aerosols
available to scavenge the 10Be, and that beryllium isotopes
attach to sulfate aerosols immediately after production and
are 100% soluble. Aerosol gravitational settling is included,
and in stratiform and convective clouds, aerosol species are
transported, dissolved, evaporated and scavenged according
to processes for each cloud type. The model also allows for
faster settling of fine aerosols in the stratosphere, where the
mean free path exceeds the particle radius [Koch and Rind,
1998].
[10] In the boundary conditions near the surface, 10Be is

handled using the same turbulent exchange coefficients as
the model humidity. The dry deposition scheme, which is
based on the resistance-in-series scheme described by
Wesely and Hicks [1977] derived from the Harvard GISS
chemical transport model [e.g., Chin et al., 1996], is fully
coupled to the GCM processes and makes use of the GCM-
assumed leaf area indices, surface types, radiation, bound-
ary layer height, Monin-Obhukov length, etc. [Koch et al.,
2006].

3. Experimental Design

[11] To simulate the climate changes that might have
taken place during the MM, we performed a suite of model
runs to capture a range of possible solar forcings, volcanic
changes and climate responses. The different experiments
are summarized in Table 1. The yardstick for our solar
forcing was the spectral and TSI changes between a present-
day solar maximum and solar minimum (1979 and 1986
respectively). As neither the relationship between sunspot
number and TSI nor between cosmogenic isotopes and TSI
are well known, estimates for how much solar irradiance
might have decreased during the Maunder Minimum vary
widely, ranging from 0.05% to 0.5% [Hoyt and Schatten,
1993; Lean et al., 1995; Lean, 2000]. To address this
uncertainty, we performed four sets of experiments to
simulate what the solar-related impact on ice-core 10Be
would be like for a DTSI equivalent in magnitude to 1, 2,
3, and 4 times the change from 1979 to 1986. The DTSI
from 1979 to 1986 is 0.075%, which places our 1 � DTSI
experiments at the low end of the estimated MM range
[Foukal et al., 2006]. We simulate the 2 � DTSI scenario
using data from 1912 (TSI = 1364.57 W/m2, about a 0.15%
change from 1979) [Lean et al., 2002].
[12] To simulate the 3 � DTSI and 4 � DTSI scenarios,

we calculated the 1979-to-1986 changes for TSI, tripled and
quadrupled them, and forced the model with the resulting
changes. The same process was also applied to the three UV

Table 1. Maunder Minimum Experiments

Run TSI (W/m2) Percent Change From 1979 Additional Forcing

Solar maximum (Sx), 1979 1366.68 -
1 � solar minimum (1Sn), 1986 1365.65 0.075
2 � solar minimum (2Sn), 1912 1364.57 0.15
3 � solar minimum (3Sn) 1363.59 0.23
4 � solar minimum (4Sn) 1362.56 0.30
Volcanic runs

0SnV, 1979 1366.68 - �0.16 W/m2 stratospheric aerosol forcing
1SnV, 1986 1365.65 0.075 same as above
2SnV, 1912 1364.57 0.15 same as above
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wavelength bands in the GCM (100–295 nm, 295–310 nm,
and 310–366 nm) that affect stratospheric ozone in the
model, giving an enhanced UV variability compared to the
changes in TSI. For the different amounts of UV changes,
ozone concentrations are prescribed according to the results
of previous model experiments involving fully coupled
ozone chemistry [Shindell et al., 2006a]. Over the UV
bands, the radiation changes range from 0.5% to 5.2% for
the 3 �DTSI and 4 �DTSI runs, with greater variability at
the shorter wavelengths.
[13] For the control scenario, we set 10Be production

equal to what it would be for f = 700 MeV, which is the
approximate midpoint for solar modulation between pres-
ent-day solar maxima and minima [Masarik and Beer,
1999]. To simulate the increased production expected dur-
ing the MM, we ran the model with f = 500 MeV (the
approximate value observed during recent solar minima)
and also with f = 100 MeV, which is comparable to the MM
production value estimated by McCracken et al. [2004]
using 10Be records from Dye 3 and South Pole (f = 84
MeV); to the average value from 1645–1715 (f = 127
MeV) estimated from 14C data by Muscheler et al. [2007];
to the value estimated by Vonmoos et al. [2006] using 10Be
from the GRIP ice core (f = approximately 200 MeV); and
to the value estimated by Steinhilber et al. [2008] on the
basis of a composite of three f reconstructions (f =
approximately 290 MeV).
[14] Along with solar changes, volcanic eruptions were

also an important climate forcing in the preindustrial period.
We performed an additional set of experiments to assess the
possible impact. According to Crowley [2000], the mean
negative volcanic forcing between 1660 and 1690 was
about 0.16 W/m2 compared to a century later. To simulate
the combined effect of volcanism and TSI changes, we ran
the model with a constant stratospheric aerosol radiative
forcing of �0.16 W/m2 and f = 100 MeV. We performed
these volcanic simulations with TSI values for 1979, 1 �
DTSI and 2 � DTSI. Volcanic aerosol properties are
defined as by Sato et al. [1993].
[15] For all experiments, we configured the model with a

preindustrial atmosphere and a mixed-layer ocean since the
multidecadal duration of the MM would make it possible for
ocean temperatures to respond to potential irradiance
changes. In all simulations, a 20-year spin-up period was
used to ensure that equilibrium had been reached for sea
surface temperatures and for the atmospheric distribution of

cosmogenic isotopes. The results for all experiments were
averaged over the 30 years following the spin-up period.

4. Climate Response to Solar Forcing

[16] Reconstructions of northern hemisphere (NH) sur-
face air temperature from various proxies (ice cores, corals,
tree rings and other sources) indicate that during the late
17th century, NH temperatures are estimated to have been
�0.2 to �0.6� C relative to the 1961–1990 mean value, and
from +0.1 to �0.3� C relative to the 1850–1900 mean value
[Jones et al., 1998; Briffa et al., 2001; Mann et al., 1999;
Briffa, 2000; Overpeck et al., 2004; Crowley and Lowery,
2000]. In Europe during the same time period, wintertime
temperatures are estimated to have been about �0.25�C
compared to the 1850–1900 mean [Luterbacher et al.,
2004]. We performed our solar maximum simulation with
a preindustrial atmosphere in order to avoid the effects of
anthropogenic climate change; for this reason; we would
expect our simulated cooling to correspond more closely to
the reconstructed temperature estimates relative to the
1850–1900 values, as solar forcing is a much larger fraction
of the total probable forcing relative to 1850–1900 than it is
relative to 1961–1990. The degree of global, NH and
European cooling in the different solar minimum runs
relative to the solar maximum run is shown in Table 2.
The amount of global cooling that takes place in the model
is fairly linear with respect to the magnitude of the TSI
changes, with approximately 0.11� C of cooling for each
multiple of sunspot-cycle forcing. For the global mean and
NH temperature changes, all of the simulated values fall
within the reconstructed range except for the 4Sn run, which
is somewhat cooler; for European wintertime temperatures,
both the 3Sn and 4Sn simulations are cooler than the
reconstructed estimates. The temperature changes in these
experiments are similar to those from other MM modeling
experiments, such as those of Shindell et al. [2001] (global
mean cooling of 0.34�C, driven by solar forcing only,
approximately 2 � DTSI). The model used by Shindell et
al. [2001] is an older version than is used here, in particular
having lower horizontal resolution (8� � 10�) and older
physics. Our temperature changes are also comparable to
those given by Langematz et al. [2005] (0.86�C cooling for
the NH relative to present-day conditions, forced with
greenhouse gas changes and irradiance changes of about
2.5 � DTSI) and Heikkilä et al. [2008] (global mean
cooling of 0.7�C relative to the present day, forced with
prescribed SSTs, greenhouse gas changes and approximately
1.5 � DTSI).
[17] Around the Mediterranean, simulated temperatures

stay the same or warm slightly as irradiance decreases. This
warming is accompanied by small increases in wintertime
precipitation (up to 0.3 mm/d). The combination of warm,
moist wintertime conditions around the Mediterranean is
indicative of the negative phase of the North Atlantic
Oscillation (NAO), the large-scale dipole of atmospheric
pressure that acts as the dominant mode of winter climate
variability over the North Atlantic. The NAO index is
typically defined as the difference in sea-level pressure
between Iceland and the Azores, and is described as being
in a negative phase when that pressure gradient is lower
than usual. Reconstructions of the NAO using ice cores, tree

Table 2. Model Results: Surface Air Temperature Changes,

Relative to Sx Runa

Run Global Mean
Northern

Hemisphere

Northern
Hemisphere

Land Europe, Winter

1Sn �0.14 �0.12 �0.15 �0.15
2Sn �0.21 �0.24 �0.26 �0.30
3Sn �0.30 �0.31 �0.38 �0.41
4Sn �0.44 �0.45 �0.55 �0.53
0SnV �0.12 �0.11 �0.16 �0.16
1SnV �0.21 �0.21 �0.27 �0.22
2SnV �0.31 �0.32 �0.40 �0.30

aUnit is �C.
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rings, documentary evidence and other proxies indicate that
the NAO index was predominantly negative during the MM
[Luterbacher et al., 2004; Appenzeller et al., 1998; Rodrigo
et al., 2001]. While differences in model configurations can
lead to different degrees of sea level pressure response
[Miller et al., 2006; Palmer et al., 2004], previous modeling
experiments have shown a sensitivity to NAO changes
caused by external forcings [Shindell et al., 1999a, 2001;
Gillett et al., 2002]. A comparable response is seen here,
with positive sea-level pressure anomalies on the order of
0.8–3.2 mbar over Iceland and negative anomalies of 0.1–
1.1 mbar over the Azores for decreasing solar irradiance.
[18] The negative phase of the NAO seen in the model

stems in part from the parameterized change in stratospheric
ozone associated with the changes in solar irradiance
[Shindell et al., 2006a, 2006b]. Because the UV radiation
in the solar minimum simulations is reduced, temperatures
in the upper stratosphere are cooler, which, combined with
the changes in ozone, results in radiative cooling up to
2.4�C in both the upper and lower stratosphere. This cooling
reduces the equator-to-pole temperature gradient in the
lower stratosphere. A reduction in stability caused by the
cooling aloft leads to increased eddy kinetic energy in NH
midlatitudes. These changes in eddy energy propagate
upward and poleward, causing a reduction in the northward
eddy transport of zonal momentum (up to �10 m2/s2). This
equatorward momentum transport is accompanied by a
weakening of the NH zonal winds (up to �2.2 m/s) and
an increase in the northward Eliassen-Palm (EP) flux,
producing an anomalous EP flux convergence. The EP flux
convergence is associated with reduced poleward transport of
quasi-geostrophic potential vorticity, implying less positive
vorticity at higher latitudes and therefore higher sea-level

pressure, which is consistent with the negative NAO seen in
the model results [Shindell et al., 2001].
[19] Overall, the model can simulate the approximate

degree of cooling and also the NH sea-level pressure
changes (associated with the negative phase of the NAO)
that are thought to have characterized the climate during the
MM. With the exception of the cooling in the 4Sn scenario
(which exceeds the estimates of most temperature recon-
structions), the range of the estimates for the reconstructed
MM temperatures makes it difficult to select a single solar
minimum run as a best match for the MM paleodata.

5. Climate Response to Volcanic Forcing

[20] The global, NH and European wintertime cooling for
the volcanic runs is shown in Table 2. In the global mean
and also for the NH, the volcanic forcing used in these
experiments is enough to cause temperature changes of
about the same magnitude as a single solar cycle’s worth
of TSI forcing. For the European wintertime temperatures,
the cooling in the 0SnV run is approximately the same as for
the 1Sn run (�0.16 versus �0.15), however the cooling in
1SnV and 2SnV is less than the cooling in 2Sn and 3Sn
respectively, suggesting that European winter temperatures
do not respond linearly to the volcanic forcing used here.
[21] Previous experiments with GISS ModelE have dem-

onstrated that volcanic aerosols lead to a positive phase of
the NAO for the winters immediately following an eruption,
but also that the effect of reduced TSI dominates when solar
forcing and volcanic forcing are applied in tandem, leading
to a NH climate response similar to that seen during the late
MM [Shindell et al., 2004]. Similarly, in our runs, the phase
of the NAO relative to the control is negative in all three

Figure 2. Percent change in zonal mean total deposition of modeled 10Be. All data shown are for runs
with f = 500 MeV, relative to the solar maximum run (f = 700 MeV), and all data are 30-year averages.
The pattern of change is dominated by the production change, while climate has little impact on the zonal
mean deposition.
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scenarios with volcanic forcing. In the experiments with
only solar forcing, atmospheric cooling at low latitudes
extends from the troposphere to the stratosphere. In the
volcanic runs, the low-latitude cooling is limited to the
troposphere, since the aerosols in the stratosphere absorb
solar radiation and create moderate warming aloft. However
the resulting changes in the latitudinal temperature gradient
are sufficient to trigger dynamical changes that are basically

the same as those in the solar-only runs, demonstrating the
dominance of TSI-related climate changes relative to the
effects of moderate, continuous volcanic aerosol forcing.
[22] In these simulations, the cooling associated with

volcanic aerosol forcing and also the persistence of a
negative phase of the NAO suggest that a range of volcanic
and solar changes could have created conditions that match
reconstructions of the MM climate. Further data will be

Figure 3. Percent change in modeled 10Be snow concentration due to TSI-related and/or volcanic-
related climate changes.
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needed in order to determine more specific constraints on
how solar and volcanic changes each might have contrib-
uted to the observed climate changes.

6. Beryllium-10 Response to Production and
Climate Change

6.1. Solar Impacts

[23] In our simulations, climate changes resulting from
reduced TSI affect the atmospheric transport of 10Be in
some respects, however changes in 10Be deposition and
concentration at the surface tend to be relatively small. Land
and Feichter [2003] found that the transformed Eulerian
mean meridional circulation in the stratosphere increases in
a warmer climate, and that stratospheric 10Be concentrations
tend to decrease. Consistently, in our solar minimum runs, we
find that transformed stream function values decrease by 5–
35% in the NH stratosphere relative to the solar maximum
scenario. As a result of the changes in stratospheric circula-
tion, stratospheric 10Be concentrations increase up to 7%.
[24] In both hemispheres, colder temperatures at the

surface and increased high-latitude sea level pressure lead
to reduced precipitation over Greenland and Antarctica,
which allows tropospheric concentrations of 10Be over these
areas to increase. Dry deposition of 10Be at high latitudes
increases accordingly, however because of the relative
predominance of 10Be in wet deposition, the impact of
climate changes on total 10Be deposition (wet plus dry) is
negligible. (In contrast, Heikkilä et al. [2008] show depo-
sitional changes in 10Be over Greenland that range from 20
to 200%, however their simulations feature a global cooling
of 0.7�C and a change in f from 700 MeV to 200 MeV and
so are not strictly comparable.) The limited impact of solar
forcing on our 10Be deposition is illustrated in Figure 2,
which shows the zonal average percent increase in total
10Be deposition for the four solar minimum runs relative to
the solar maximum run (results are shown for f = 500 MeV,
which closely resemble both the results for f = 100 MeV
and the runs with volcanic forcing.) The higher levels of
10Be deposition at midlatitudes and high latitudes reflect the
fact that 10Be production is greater at those latitudes, and
also indicate the degree to which 10Be deposition at higher
latitudes is representative of the global average production
rate (high levels of atmospheric mixing) or the local
production rate (limited atmospheric mixing). The polar

enhancement in 10Be deposition relative to other latitudes
(calculated as the percent change in high-latitude deposition
divided by the percent change in solar-related global aver-
age production) is approximately 1.3, similar to previously
modeled and estimated values [Field et al., 2006; Bard et
al., 1997].
[25] Similarly, Figure 3 shows the percent change in 10Be

snow concentration over Greenland (due only to TSI-related
climate changes, not to production change) for the 1Sn, 2Sn,
3Sn and 4Sn scenarios relative to the Sx run (results are
shown for f = 100 MeV, which closely resemble the results
for f = 500 MeV (not shown)). Excepting the anomalous
behavior of a few of the Greenland grid boxes (likely due to
limitations in the model’s topographical and spatial resolu-
tion), there is a consistent pattern of increased 10Be snow
concentration over northeast Greenland. However, despite
the progressive cooling evident in Table 2, there is no clear
trend in the pattern or magnitude of the concentration
changes as TSI decreases. When data are grouped instead
by the amount of production change (f = 500 MeV and f =
100 MeV) rather than by the amount of TSI change, a clear
distinction emerges. Table 3 shows simulated changes in
10Be snow concentration values at six coring sites for the
two different levels of production change. Data are shown
for 1Sn-4Sn climate forcings, and also for the case of no
change in TSI (0Sn). The concentration changes for f =
500 MeVand f = 100 MeVare closely clustered around low
and high values respectively, with no overlap between
concentration values for the two different levels of produc-
tion. Changes in production therefore have a much more
robust impact on 10Be snow concentration than do TSI-
related climate changes for this range of forcing.
[26] In order to quantify the relative importance of

production changes and climate changes, we used multiple
linear regression of modeled 10Be concentration with
respect to f changes and TSI forcing for the six ice-core
locations. The impacts of production change and climate
change were only both significant at one location (Summit);
at all other locations, only production change had a signif-
icant impact on 10Be concentration. When we performed the
same analysis on all Greenland locations collectively, cli-
mate and production both were significant over Greenland,
with 10Be concentration changing about 9% per 100 MeV
change in f and 1.3% for each solar cycle of TSI change.
When we analyzed both Antarctic locations, only production

Table 3. Percent Increase in Modeled 10Be Snow Concentration, Experiment Minus Control ±1sa

Run, f Dye 3 Camp Century Milcent Summit Taylor Dome South Pole

0Sn, 500 12 ± 3 12 ± 1 12 ± 2 12 ± 1 13 ± 1 13 ± 1
1Sn, 500 10 ± 2 14 ± 1 12 ± 2 15 ± 1 19 ± 2 18 ± 1
2Sn, 500 16 ± 2 14 ± 1 14 ± 2 18 ± 1 14 ± 1 12 ± 1
3Sn, 500 25 ± 3 12 ± 1 12 ± 2 16 ± 1 17 ± 1 18 ± 1
4Sn, 500 16 ± 2 16 ± 1 12 ± 2 22 ± 1 20 ± 1 15 ± 1
0Sn, 100 50 ± 3 50 ± 1 47 ± 2 50 ± 1 52 ± 2 52 ± 1
1Sn, 100 47 ± 3 53 ± 1 47 ± 2 53 ± 1 61 ± 2 59 ± 1
2Sn, 100 55 ± 3 53 ± 1 53 ± 2 57 ± 2 54 ± 2 51 ± 1
3Sn, 100 67 ± 3 50 ± 1 49 ± 2 55 ± 1 57 ± 2 59 ± 1
4Sn, 100 54 ± 3 56 ± 1 49 ± 2 64 ± 2 62 ± 2 54 ± 2
0SnV, 100 65 ± 3 52 ± 1 57 ± 2 58 ± 2 69 ± 1 42 ± 1
1SnV, 100 49 ± 3 55 ± 1 39 ± 2 52 ± 2 68 ± 1 55 ± 1
2SnV, 100 68 ± 3 54 ± 1 48 ± 2 71 ± 2 67 ± 2 51 ± 1

aSx run: f = 700 MeV.
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was significant, again with approximately a 9% change in
10Be concentration per 100 MeV change in f.
[27] Figure 4 summarizes the effects of both production

change and TSI-related climate change for four ice-core
locations. Each line shows the percent change in 10Be snow
concentration relative to the control run for a given value of
f. For the f = 700 MeV data, the model was forced with
TSI changes while 10Be production was kept constant. The
plots show how concentration is affected at each level of
solar forcing and also for the case of no solar forcing (only
production changes). The changes in concentration for each
given value of f are clear and consistent from location to
location: for each plot, 10Be snow concentration for f =
500 MeV is about 11% greater than the level for f =
700 MeV, and the level for f = 100 MeV is about 50%
greater. However there are no clear trends associated with
the effects of solar-related climate change, which in almost
all cases are relatively small and not necessarily monotonic.

6.2. Volcanic Impacts

[28] The additional impact of volcanic aerosol forcing on
simulated 10Be is very small compared to the solar-related
climate effects: results for the 0SnV, 1SnV and 2SnV runs
differ little from 1Sn and 2Sn runs. The reductions in
transformed stream function values closely resemble the
changes in the simulations with only solar forcing; the
increases in atmospheric 10Be concentrations are similar
as well (9%). Zonal changes in wet, dry and total 10Be
deposition, as mentioned in section 6.1, are generally the
same as for the solar-forcing runs, with negligible changes
in total deposition regardless of the degree of TSI forcing.
Similarly, although there are consistent increases in 10Be
snow concentration changes over northeast Greenland
(Figure 3), there is no clear trend associated with the
magnitude of the applied forcing.
[29] Figure 4 compares 10Be snow concentration changes

for the runs with additional volcanic forcing (blue line) to
the runs with only solar forcing. While the relative changes

Figure 4. Percent change in modeled 10Be snow concentration relative to the Sx run for different ice-
core locations. Black line shows data for f = 100 MeV; red line shows data for f = 500 MeV; green line
shows data for f = 700 MeV; and blue line shows data for f = 100 MeV with volcanic forcing.
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in snow concentration are basically the same for the
different levels of production change in the runs with only
solar forcing, the volcanic runs follow different patterns,
resulting in 10Be snow concentrations that may be either
higher or lower than the concentrations in the runs with
solar forcing alone. For Dye 3, all the 10Be concentration
values associated with the volcanically forced runs are
higher than the f = 100 MeV solar-forced values. For
South Pole and Milcent, the values for the runs with
volcanic forcing are mostly lower, while at Camp Century,
the values for the volcanic runs are nearly the same as the
values for the runs with only solar forcing. Overall, these
results suggest that the simulated effects of combined
volcanic and solar forcings do not have a clear signature
on large spatial scales. This effect can also be seen in
Table 3 if one compares the volcanic data with the solar
data for f = 100 MeV. At four of the six locations, the snow
concentration values for the volcanic runs either contain
outliers that are exceptionally low or high relative to the
solar runs (such as the 39% value for 1SnVat Milcent or the
71% value for 2SnV at Summit), or, as in the case of Taylor
Dome, the volcanic concentrations are all larger than the
corresponding solar-only values. It therefore seems possible
that for the degree of forcing simulated here, volcanic-
related climate effects can potentially have an impact on
multidecadal 10Be snow concentrations, which may make it
difficult to determine the concomitant level of TSI change
or production change.

7. Comparison With 10Be Observations

[30] How can these results be used to interpret the
observed 10Be changes during the MM? Considering the
tracer’s relatively small response to simulated climate
impacts, our results confirm that increased 10Be concen-
trations during the MM are largely the result of changes in
solar magnetic field strength and attendant cosmic ray
modulation. That being said, what was the likely magnitude
of that production change? In order to compare our modeled
results with the ice-core data, we first need to determine the
observed change in 10Be snow concentrations. However
given the quality of the observations, there is some ambi-
guity in choosing a method for making such a calculation.
Table 4 shows three ways of estimating the percent change
in 10Be snow concentration (relative to specific baselines)
for four different ice-core locations. The concentration
changes vary depending on whether the MM values (1) are

considered as a 50-year period and compared to the 50-year
period 100 years prior, (2) are compared to a subset of the
time series that has the same duration as the MM (approx-
imately 70 years) but does not occur during (or has
relatively little overlap with) other prolonged solar minima,
or (3) are compared to the entire time series (which includes
the effects of other Grand Minima [McCracken et al.,
2004]).
[31] We also consider a fourth method which was used by

McCracken et al. [2004] to estimate f during the MM. The
authors used data from Dye 3 and South Pole, and at each
location took the average of the highest 22-year means for
10Be snow concentration during both the Maunder and
Spoerer (approximately 1420–1540 A.D.) minima. (In the
case of the South Pole data, the highest 22-year average
during the Oort minimum (about 1050 A.D.) was also
used). If we perform the same calculation and compare
the resulting 10Be concentrations to the 70-year reference
period (method 2), the changes in concentration at South
Pole and Dye 3 are about 52 ± 12% and 49 ± 8%
respectively, resulting in an average change of 51 ± 15%.
[32] With these different estimates, we can compare the

production-related 10Be changes from the model in Table 3
to the observed changes in Table 4 to see what degree of
f change best matches the observations. This comparison
is shown in Figure 5. In each of the four plots, the thick
solid line shows the modeled change in 10Be regressed
against different changes in f (the modeled values from
Table 3 appear as solid squares for D f values of 200 MeV
(for the f = 500 MeV runs) and 600 MeV (for the f =
100 MeV runs)). The results show the lack of a strong
climate signal, with observed percent concentration change
values ranging widely depending on location and also on
which method of estimating the observed 10Be change is
used. For the concentration change estimates based on
comparing 1650–1700 with 1550–1600 (method 1), the
implied changes in f range from 84 MeV (at South Pole) to
513 ± 228 MeV (at Milcent). For method 3 (MM versus the
long-term mean of the time series), the estimated f changes
range from about 152 ± 85 MeV (Dye 3) to 611 ± 193 MeV
(Camp Century).
[33] As mentioned earlier, McCracken et al. [2004] have

estimated that f = 84 ± 30 MeV during the MM, or rather
that a change in f of about 616 MeV took place relative to
the approximate present-day average value of f = 700.
This Df = 616 MeV is larger than all but one of our
estimated f values. However if we recalculate our estimates
on the basis of the 22-year South Pole and Dye 3 averages
described earlier, the change in f increases significantly.
Depending on which location we use, the change in f ranges
from 543 to 572 MeV. While the relationship in this paper
between f and 10Be concentration is based on the modeled
changes in 10Be at different ice-core locations, from
McCracken et al. [2004] the same relationship is determined
from the flux function described by Webber and Higbie
[2003] as well as the atmospheric mixing model discussed
by McCracken [2004]. Despite the differences between
these two methodologies, the Df that we obtain are slightly
smaller but comparable to those estimated by McCracken et
al. [2004].
[34] Part of the explanation for the discrepancies between

our MM f estimates and that of McCracken et al. [2004]

Table 4. Observed 10Be Snow Concentration, Percent Change

During the Maunder Minimum (1645–1715)a

Location

1650–1700
Versus

1550–1600

MM Versus
70-Year
Average

MM Versus
Long-Term
Average

Dye 3 10 ± 6 25 ± 5 12 ± 4
Camp Century 36 ± 14 46 ± 12 53 ± 9
Milcent 47 ± 14 41 ± 10 30 ± 6
South Pole 5 ± 7 30 ± 7 11 ± 5

aFor Dye 3, Milcent, and South Pole, the 70-year reference period is
1730–1800. For Camp Century, the reference period is 1317–1396.
Estimates of the uncertainty in the mean are shown when possible. Data are
from Beer et al. [1990] (Dye 3), Beer et al. [1988] (Camp Century), Beer et
al. [1983] (Milcent), and Raisbeck and Yiou [2004] (South Pole).
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may be differences in the amount of atmospheric mixing
assumed by McCracken et al. [2004] compared to the
amount of mixing in ModelE. As mentioned in section
6.1, in our simulations the ratio of the percent change in
polar 10Be deposition to the percent change in global
average deposition is approximately 1.3, which implies a
greater degree of atmospheric mixing that used by
McCracken et al. [2004]. If the McCracken et al. [2004]
calculations were repeated allowing for more mixing, it is
likely that the resulting change in f would be smaller and
closer to more of our larger estimates.
[35] Another part of the difference between the f esti-

mates may be related to climate effects. Horiuchi et al.
[2008], Bard et al. [2007] and Muscheler et al. [2007] have
highlighted some of these concerns, particularly those
relating to geographical and temporal variability of snow
accumulation, and the effects of that variability on 10Be ice

core records. Luterbacher et al. [2004], Jones et al. [1998],
and Briffa et al. [2001] have shown that the late 1600s and
early 1700s were some of the coldest years of the MM,
particularly in the NH and Europe. It is possible that these
colder temperatures might have led to reduced precipitation
around Greenland, resulting in higher 10Be concentrations
in the Dye 3 record for those years. Such an outcome would
be similar to the findings discussed by Field et al. [2006], in
which it was shown that significant reductions in 10Be snow
concentration can be caused by climate forcings alone (with
no changes in cosmogenic production levels). As mentioned
earlier, we see reduced accumulation in the experiments
described here, but no consistent changes in 10Be snow
concentration relative to the degree of solar forcing.
Nevertheless, even relatively modest amounts of climate
variability, such as those shown in the plots for Camp
Century and Milcent in Figure 5, could lead to a difference

Figure 5. Comparison between the percent changes in observed MM 10Be snow concentration for the
different methods described in section 7 (dotted lines) and modeled 10Be concentration changes (solid
squares). The solid line shows the modeled 10Be snow concentrations regressed against the associated
change in f. Key to observed changes in 10Be snow concentration: 1 = 1650–1700 versus 1550–1600;
2 = MM versus 70-year mean, 3 = MM versus long-term mean (see Table 4). The 22-year value for Dye 3
is as described in section 7. The corresponding changes in f can be read off the verticals.
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of as much as 50 MeV in estimating the potential MM f
change. Also, although the relationship between f and
sunspots is still incomplete, the fact that sunspot counts
for 1690–1715 were about the same or slightly higher than
the counts during the rest of the MM suggests the possibility
that local climate changes rather than production changes
might have been partially responsible for the high 10Be
concentrations at Dye 3, which, in turn, might lead one to
calculate a larger change in f than what might have been
inferred in the absence of climate effects.
[36] We see similar climate impacts in the analysis of our

runs including enhanced volcanism. The results for Dye 3 in
Figure 4 show that, on average, volcanic-related climate
effects (blue line) lead to 10Be concentration changes that
are about 10% higher than those for equivalent runs with no
volcanic effects. While this enhancement of the change in
modeled 10Be concentration is not statistically significant, it
suggests the possibility that the effects of volcanic aerosols
may have led to higher 10Be concentrations at Dye 3 during
the late MM. Elsewhere, however, such as in the 1SnV run
at Milcent (39%) and in the 2SnV run at Summit (71%), the
volcanic- and solar-forced changes in 10Be concentration
can be either notably reduced or enhanced relative to the
simulations forced with TSI changes alone. It is possible
that the model might have a different response to intermit-
tent volcanism rather than the constant, sustained, low-level
volcanic forcing that we used in these simulations. That
being said, our results suggest that longer simulations are
needed in order to clearly distinguish the effects of volcanic
forcing from the weather noise.
[37] In addition to the ambiguities surrounding the

methods for calculating MM 10Be concentration changes
and also the potential effects of climate change during that
time, other factors exist that may have contributed to the
uncertainties of our results. Regarding the observations,
there is a fair amount of site-to-site variability in the
changes we have estimated from the 10Be concentration data.
Local climate effects on Greenland are probably one of the
main causes of the observed variability [Mosley-Thompson et
al., 2001]. Additionally, ice-core dating errors could poten-
tially reduce the agreement between observed changes from
site to site. Such errors can be as large as 2% over the past
1000 years but are often smaller and are less likely to be
important contributors to the overall uncertainty [Muscheler
et al., 2007]. There are also issues relating to various
characteristics of the experimental design, particularly the
fact that estimates for the 10Be production rate vary by as
much as a factor of 2 [Lal and Peters, 1967; Oeschger et al.,
1969; O’Brien et al., 1978; Masarik and Reedy, 1995;
Masarik and Beer, 1999]. However, results here have been
reported in terms of percent change from the control run,
which should reduce the potential effect of errors in the
magnitude of 10Be production.
[38] Concerning the GCM itself, there are other consid-

erations such as uncertainties relating to the model’s climate
sensitivity, which we have tried to address by performing
simulations using a range of climate forcings. There are also
uncertainties in the degree of TSI change and volcanic
aerosol forcing during the MM. Another potential issue is
the model’s ability to simulate the general climate over
Greenland and Antarctica. The quality of model results in
these areas has been a focus of ongoing work, and we plan

to continue this in the future by performing (1) simulations
with higher spatial and vertical resolution, which would
likely improve stratospheric dynamics and the consistency
of grid-box-level performance, and (2) simulations spanning
longer time periods, which should help clarify subtler
changes such as those caused by volcanic aerosol forcing.

8. Conclusions

[39] Using the GISS ModelE GCM, it is possible to
recreate the large-scale features of the MM climate using
both solar forcings and volcanic forcings, or with solar
forcings alone. If both volcanic and solar forcings are
applied, the amount of solar forcing required to achieve a
realistic amount of surface cooling is reduced. In the experi-
ments with only conventional values of 10Be production
changes and solar forcing, the simulated 10Be snow con-
centrations are influenced much more strongly by changes
in production than by TSI-related changes in climate.
Additional volcanic aerosol forcing does not have a straight-
forward impact on 10Be over large spatial scales, however,
further experiments are needed to better understand the full
effects of this type of forcing. In comparing simulated and
observed 10Be snow concentration changes, the question of
how best to define the observed MM change in 10Be
concentration remains ambiguous. The f estimates based
on the averages of methods 1, 2 and 3 give MM f values
ranging from approximately 280 to 395 MeV. If we look the
average of the highest 22-year values for Dye 3 and South
Pole, we get an estimate of f = 142 ± 150 MeV. However
the range of possible f values inferred from time-averaging
the other parts of the observed 10Be record that could
reasonably be considered representative of the MM suggests
that additional analysis and better resolved data are neces-
sary before a more decisive estimate can be made of how f
changed during the Maunder Minimum.
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